Cryptococcal antigen (CrAg) screening for antiretroviral Background: therapy (ART)-naïve adults with advanced HIV/AIDS can reduce the incidence of cryptococcal meningitis (CM) and all-cause mortality. We modeled the cost-effectiveness of laboratory-based "reflex" CrAg screening for ART-naïve CrAg-positive patients with CD4<100 cells/µL (those currently targeted in guidelines) and ART-experienced CrAg-positive patients with CD4<100 cells/µL (who make up an increasingly large proportion of individuals with advanced HIV/AIDS). A decision analytic model was developed to evaluate CrAg Methods: screening and treatment based on local CD4 count and CrAg prevalence data, and realistic assumptions regarding programmatic implementation of the CrAg screening intervention. We modeled the number of CrAg tests performed, the number of CrAg positives stratified by prior ART experience, the proportion of patients started on pre-emptive antifungal treatment, and the number of incident CM cases and CM-related deaths. Screening and treatment costs were evaluated, and cost per death or disability-adjusted life year (DALY) averted estimated.
Under base model assumptions, CrAg screening and pre-emptive treatment restricted to ART-naïve patients with a CD4<100 cells/µL prevented 20% (39/196) of CM-related deaths in patients undergoing CD4 testing at a cost of US$2 per DALY averted. Expansion of preemptive treatment to include ART-experienced patients with a CD4<100 cells/µL resulted in 55 additional deaths averted (a total of 48% [94/196]) and was cost-saving compared to no screening. Findings were robust across a range of model assumptions.
Reflex laboratory-based CrAg screening for patients with Conclusions: CD4<100 cells/µL is a cost-effective strategy in Botswana, even in the context of a relatively low proportion of advanced HIV/AIDS in the overall HIV-infected population, the majority of whom are ART-experienced.
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Introduction
Cryptococcal meningitis (CM) is a leading cause of mortality in people living with HIV/AIDS (PLWH) worldwide, causing an estimated 15% of HIV deaths 1 . HIV-associated CM predominantly occurs in the setting of advanced HIV disease, typically at a CD4 T-cell count <100 cells/µL 2 . In patients with advanced HIV initiating antiretroviral therapy (ART), detection of cryptococcal antigen (CrAg) in the blood is highly predictive of subsequent CM 3 , with clinical symptoms usually developing within a few weeks 3, 4 . CrAg screening with pre-emptive fluconazole therapy in CrAg-positive ART-naïve adults (without symptoms/signs of CM) has been shown to reduce all-cause mortality and is recommended by the World Health Organization (WHO) in adults starting ART with a CD4 <100 cells/µL 5,6 .
Botswana, a country of approximately 2.3 million with a 2017 adult HIV prevalence of 23% 7 , has a mature HIV program providing free ART to citizens since 2002. Despite ART scale-up, advanced HIV/AIDS and CM remain common with almost 400 confirmed cases diagnosed per year in 2013 and 2014 2,8,9 . In 2016, national HIV guidelines first recommended CrAg screening in ART-naïve, CrAg-positive patients with a CD4 <100 cells/µL 10 . For CrAg-positive ART-naïve patients, fluconazole 1200 mg/day for 2 weeks, then 800 mg/day for 8 weeks with ART initiation, then 200 mg/day until CD4 recovers to >200 cells/µL for at least 6 months is recommended. Currently, "reflex" screening (screening of any sample sent for CD4 testing below the CD4 count threshold) is conducted at the Botswana-Harvard HIV Reference Laboratory (BHHRL), which performs most CD4 testing in the urban Gaborone region. The cost-effectiveness of CrAg screening has not been evaluated in Botswana.
In addition, with reflex CrAg screening, a new question has arisen: how to manage ART-experienced, CrAg-positive patients. With a laboratory-based, reflex CrAg screening program, a CrAg test is performed following all CD4 results <100 cells/µL. Since the lab does not know who is treatment-naïve and who is not, both ART-naïve and -experienced patients are CrAg screened. Previous models assumed that all or most CrAg-screened patients are ART-naïve [11] [12] [13] , and therefore only focused on ARTnaïve patients. However, in Botswana as well as elsewhere in sub-Saharan Africa, over half of CM cases now occur in ARTexperienced patients [14] [15] [16] , and reflex screening where CD4 monitoring is conducted is now identifying an important number of ART-experienced and CrAg-positive patients. This population represents a mix of individuals: 1) those recently started on ART without baseline CD4 and CrAg screening results following adoption of the HIV "test-and-treat" strategy 17 ; 2) those on ART but with treatment failure; and 3) those started on ART with subsequent ART default re-engaging in ART care. Current CrAg screening guidelines do not address management of this growing population, although there is a highly plausible benefit of treating these CrAg-positive patients.
The primary aim of our study was to model the cost-effectiveness of CrAg screening and targeted pre-emptive fluconazole treatment in Botswana using different screening and treatment policies. A decision analytic model was developed based on prior models 13,18 , with local CD4 distribution 8 , CrAg prevalence 19 , treatment outcomes 14 , ART status, and costing data. Two related policies are evaluated. For Policy 1, based on current guidelines, we modeled reflex CrAg screening for any patient with a CD4 <100 cells/µL and then pre-emptive treatment only for the ART-naïve patients 10 . The model for Policy 1 is used to estimate national costs for screening and the cost-effectiveness of this screening policy compared to no screening based on the cost per death averted and the cost per disability-adjusted life year (DALY). For Policy 2, we extend the analysis of Policy 1 to also incorporate pre-emptive treatment for ART-experienced individuals identified as part of reflex screening. We evaluated these models under a range of assumptions.
Methods

Overview
Our models use CD4 count distribution and CrAg prevalence data from the BHHRL in Gaborone, including data from a completed CrAg screening prevalence study conducted 2015-2016 and a second cohort from January 2018 through January 2019 19 . Both studies received ethical approvals from the Botswana Health Research and Development Committee (HRDC) [HPDME 13/18/1] and the University of Pennsylvania Institutional Review Board (#827814), along with this cost-effectiveness analysis. CrAg testing is performed using the highly accurate CrAg lateral flow assay (LFA) [IMMY, Norman, OK] 20 , assumed for the analysis to be 100% sensitive and specific. Approximately 65,000 CD4 tests are performed annually at the BHHRL in 35,000 unique patients. With an estimated population of 370,000 adults in Botswana living with HIV, most of whom know their HIV-status and have engaged with HIV-care services 21,22 , this covers nearly 10% of the adult HIV-positive population in Botswana. We therefore chose to start with a model of 650,000 CD4 tests performed annually on a population of 350,000 adults to provide an estimate of the annual cost and impact of CrAg screening implementation at a national level. Our models include two components: 1) A reflex CrAg screening module; and 2) a treatment module.
Screening module for the current policy (Policy 1) The screening model estimates the proportion of patients who receive CD4 testing with a CD4 count <100 cells/µL, the proportion with prior evidence of ART use, the proportion CrAgpositive, the proportion who are preemptive treatment-eligible, and the proportion of these patients who remain asymptomatic and are targeted for preemptive therapy or are diagnosed with CM on urgent clinic follow-up after a positive CrAg test. The model includes imperfect "real-world" implementation, so that a proportion of eligible patients may not receive CrAg screening or are screened but do not receive timely evaluation. Figure 1 summarizes the screening model for Policy 1 (CrAg screening if CD4 <100 cells/µL), and Table 1 provides sources for parameter estimates. A full description of model estimates and data sources is available as Underlying data 23 .
In Figure 1 , 2.65% of CD4 samples from clinics have a CD4 count <100 cells/µL (based on estimates from 2015-2017), with a local CrAg prevalence of 4.6% at CD4 <100 cells/µL in nonhospitalized patients 19 . Only 30% of patients have no prior viral load testing documented in the national electronic medical record (EMR), Integrated Patient Management System. As baseline viral load testing is not performed in Botswana, with initial viral load testing 3-6 months after starting ART 10 , any client with viral load testing prior to CrAg screening can be assumed to be ART-experienced. Further, of CrAg-positive samples approximately 25% are assumed to be from patients with prior treated cryptococcal disease, which results in a persistently positive test result. These patients are not targeted for pre-emptive therapy. The remaining 75% of CrAg-positive patients are potentially eligible for pre-emptive fluconazole.
We used local CrAg titer data to estimate the risk of ART-naïve CrAg-positive patients progressing to CM 19 . A high CrAg titer (>1:160) is associated with a high risk of CM without pre-emptive treatment in ART-naïve patients 25, 27 . From local data, 59% of CrAg-positive patients with a CD4 <100 cells/µL have a high CrAg titer. A lumbar puncture is offered to all CrAgpositive patients evaluated for pre-emptive therapy to rule out prevalent CM, as up to one-third of even relatively asymptomatic CrAg-positive patients have prevalent meningitis diagnosed when evaluated by lumbar puncture (LP) and cerebrospinal fluid (CSF) testing 25, 27 . As LP refusal is common 28 , we estimate that only 25% of patients consent to an LP. A total of 85% of hightiter and 15% of low-titer patients who undergo LP are diagnosed with prevalent CM and hospitalized 25 . The remaining CrAgpositive patients (i.e. those who did not undergo LP or had negative CSF testing) are targeted for pre-emptive fluconazole.
A proportion of CrAg-positive patients who should receive CrAg screening are not tested (5%), e.g. due to laboratory error or CrAg assay stockout. Without CrAg testing and pre-emptive fluconazole, these patients are at an high risk of incident CM, with risk influenced by a patient's CrAg titer and how quickly ART is initiated 3, 25, 29 . Of screened CrAg-positive patients, an estimated 25% with CD4 <100 cells/µL do not return to clinic quickly for evaluation and initiation of pre-emptive fluconazole and/or LP evaluation; these patients are also at a high risk of progression to CM.
Treatment module for the current policy (Policy 1)
The treatment module estimates outcomes for (a) patients who should receive CrAg screening but do not and progress to CM, (b) those who receive screening but progress to CM without urgent follow-up and pre-emptive therapy, (c) those diagnosed with CM at the initial urgent follow-up visit, and (d) those who start but "fail" pre-emptive treatment, developing CM. Flowcharts for the treatment module are shown in Figure 2 , and sources for estimates detailed in the Underlying data 23 .
For ART-naïve CrAg-positive patients, outcomes of preemptive treatment are derived from local estimates and a published systematic review 19, 29 ; we estimate that 20% of high-titer patients and 5% of low-titer patients started on pre-emptive fluconazole will fail pre-emptive fluconazole and go on to develop CM.
For patients who progress to CM, case-fatality rates are derived from local data 14 . Ten-week mortality for patients with a CD4 <100 cells/µL hospitalized for cryptococcal meningitis and treated with amphotericin B-based induction therapy is estimated to be 50%, with 17% of survivors experiencing relapse. CrAgpositive patients who are diagnosed with early CM on urgent follow-up or hospitalized after failing pre-emptive fluconazole are assumed to have a lower 10-week mortality (25% instead of 50% for those missed and not started on pre-emptive treatment) based on regional data 25 , with early recognition of infection and timely initiation of antifungal treatment associated with better survival. In our models, we assume that a minority of patients (20%) with incident CM die at home without being diagnosed, with a lower proportion who start on pre-emptive fluconazole (10%) or are diagnosed with CM at their initial follow-up (0%).
Screening and treatment modules extending treatment to ART-experienced CrAg-positive clients (Policy 2) In Policy 2, in addition to ART-naïve patients we model preemptive treatment for ART-experienced CrAg-positive patients with a CD4 <100 cells/µL. From 2018-2019 cohort data, approximately 70% of patients with a CD4 <100 cells/µL had documented HIV viral load testing by the time of CrAg screening indicating a history of ART use. Some of these ART-experienced patients have experienced ART failure or default and are assumed to be at high risk for progression to CM, whereas others are recently started on ART with HIV viral suppression awaiting immune recovery and assumed to be at comparatively lower risk for progression to CM. For CrAg-positive patients with ART treatment failure, without preemptive fluconazole therapy we assume a 90% risk of progression to CM based on anticipated delays in ART regimen change and prolonged immunosuppression. For CrAg-positive patients who have defaulted ART and are now re-engaging in care, we assume a 50% risk of progression to CM without preemptive fluconazole therapy, or approximately twice as high as the published risk of CM progression in CrAg-positive ART-naïve patients who do not receive preemptive therapy 3, 29 . We estimate a higher risk compared to ART-naïve patients starting ART because of a greater likelihood of worse adherence or default in this population with previous ART default. For patients who recently started on ART with good virological response who are awaiting CD4 recovery, we assume a 10% risk of progression to CM without preemptive therapy, about half the risk in CrAg-positive ART-naïve patients starting ART who do not receive preemptive therapy 3, 29 . As the median time to CM diagnosis is approximately 5 weeks in CrAg-positive patients newly starting ART without preemptive therapy and incidence of CM falls rapidly following ART initiation 3, 4 , this estimate accounts for the fact that these patients have already been on ART for several weeks or months without a diagnosis of CM and therefore are likely at a lower risk of progression.
From 2018-2019 local cohort data, 40% of ART-experienced patients with a CD4 <100 cells/µL had a suppressed HIV viral load within 3 months prior to the date of CrAg screening and are assumed to fit into this lower-risk category (10% for CrAgpositive patients without preemptive therapy). The remaining 60% without recent HIV viral load testing or a recent non-suppressed HIV viral load are assumed to be at higher risk for CM progression due to ART default (50% risk in CrAgpositive without preemptive therapy) or treatment failure (90% risk in CrAg-positive without preemptive therapy). About half of these patients (30%) had no viral load testing in the previous 6 months and are assumed to have defaulted, whereas the other half (30%) had viral load testing within 6 months but with their last viral load unsuppressed and are assumed to have experienced treatment failure.
For ART-experienced patients, given lack of published outcomes data in this population we assume that there is a 75% reduction in the risk of progression to CM with pre-emptive therapy. In the base model, we also assume that the same proportion of ART-experienced clients who are seen at urgent follow-up are diagnosed with CM by lumbar puncture as with ART-naïve clients. Screening and treatment flow diagrams are shown in Figure 1 and Figure 2 for Policy 2.
CrAg screening and treatment unit costs
The costs of CrAg screening implementation and CM treatment are estimated from a provider-perspective using 2018 local supply costs from Botswana Central Medical Stores (CMS) for most parameter estimates (Table 2 and Underlying data 23 ). Costs in Botswana Pula were converted to United States dollars (US$) using mid-2018 exchange rates (10.61 Pula to US$1, which has remained largely unchanged). For CrAg screening, the cost per CrAg test is estimated at 50 Pula (US$4.71); to the wholesale price (~US$2), we factor in additional mark-ups from local distributors, shipment, and laboratory personnel costs. Fluconazole is relatively expensive in Botswana (at ~US$0.50 per 200 mg tablet through CMS) compared to other countries in the region and we assumed procurement through CMS rather than a pharmaceutical company drug donation program. Average length of maintenance therapy is estimated at 6 months, assuming some incomplete adherence.
We do not have reliable local hospital "hotel" costs in Botswana for the treatment of CM. Therefore, WHO-CHOICE estimates for cost per day of hospital admission in 2008 are used assuming most cases are managed at referral/teaching hospitals with 100% occupancy and 10,000 admissions per year, and inflation-adjusting for 2018 prices using International Monetary Fund estimates 2,30,31 . Length of hospital stay was estimated at 17 days for survivors for local data (75% of this time in those who die within 10 weeks) 14 . We assume a standard 14-day course of amphotericin B with high-dose fluconazole, intravenous fluid and electrolyte supplementation, and routine laboratory monitoring. Patients who survive hospitalization receive 8 weeks of fluconazole consolidation and 6 months of maintenance fluconazole on average. Patients who die within 10 weeks of treatment have lower utilization of treatment, laboratory, and postdischarge care and fluconazole (see Underlying data 23 ).
Outcomes
We estimate total annual costs of CrAg screening and treatment (both for pre-emptive fluconazole and cryptococcal meningitis) from the provider perspective for each policy. Comparing these to a counterfactual scenario with no screening, we estimate the number of cryptococcal meningitis cases averted from screening, number of deaths prevented, and the cost per death averted as the incremental cost effectiveness ratio. We also evaluated cost per DALY avoided. With an average age of death from CM of 36 years from local data 14 , age-specific, genderaveraged life expectancy of 36 additional years from 2016 WHO Global Health Observatory data 32 , and with a 3% annual discount rate, we estimated 21.4 DALYs avoided per death avoided.
We then re-evaluated models with both ART-naïve (the target population for CrAg screening) and ART-experienced CrAgpositive patients being offered pre-emptive treatment. We do not factor in additional costs or deaths from CM relapse as these are small and unlikely to have a significant public health or health system cost impact.
Sensitivity analyses
We performed a series of sensitivity analyses to account for areas of uncertainty or possible changes in CD4 testing practices. As Policy 2 dominated no CrAg screening and Policy 1 (see Results), all sensitivity analyses were performed for Policy 2:
Sensitivity analysis 1: This model assumes 50% (versus 75% in the base model) of CrAg-positive patients return quickly for urgent follow-up and initiating of pre-emptive therapy with other parameter estimates remaining the same.
Sensitivity analysis 2: This model assumes a combined 25% risk of CM progression for CrAg-positive ART-experienced patients without pre-emptive therapy (versus 46% in the base model) and with no CrAg-positive ART-experienced patients diagnosed with CM by lumbar puncture at urgent follow-up. Other parameter estimates remain unchanged. This sub-analysis accounts for uncertainty in the benefit of preemptive therapy for CrAgpositive ART-experienced patients given the lack of published literature in this group.
Sensitivity analysis 3: This model assumes 70% of clients are ART-naïve and 30% ART-experienced (versus 30% and 70%, respectively, in the base model) with risk of progression to CM with and without pre-emptive therapy unchanged. The sub-analysis was conducted to account for potential changes in CD4 testing practices. Table 3 ). The number of cases is lower than the nearly 400 CM cases microbiologically confirmed annually in Botswana without CrAg screening 2 ; however, a proportion of patients will be diagnosed and hospitalized with CM without recent CD4 testing. The proportion of patients who are ART-naïve is consistent with local and regional estimates that half or more CM cases now occur in ART-experienced individuals 14,15 . The overall total cost for CM treatment is estimated at $851,716, Policy 1. CrAg screening at CD4 <100 cells/µL, ART-naïve only In our CD4 <100 cells/µL base model, 16,364 CrAg tests are performed at a cost of $77,073. Without screening, we estimate 196 CM-related deaths annually in this CD4 <100 cells/µL population. For ART-naïve only, with CrAg screening and treatment, we estimate 39 lives saved (a 20% reduction in CMrelated deaths among those patients with CD4 testing), at a cost of $43 per death prevented or $2 per DALY averted (Table 4) .
Results
Cryptococcal meningitis cases and costs without screening
Policy 2. CrAg screening at CD4 <100 cells/µL, both ARTnaïve and ART-experienced We next considered treating both ART-naïve as well as ART-experienced patients recognized as CrAg-positive through reflex screening. No additional costs are accrued for screening ART-experienced patients. Under base model assumptions, an additional 55 lives were saved through treatment of ARTexperienced patients ( Table 5 ). Treatment of both ART-naïve and ART-experienced resulted in an overall savings of $1421 per death averted, or $66 per DALY averted. Policy 2 dominated both no screening and the Policy 1 strategy of treatment only for ART-naïve clients (Table 6 ). CrAg screening under Policy 2 remained cost-saving across a range of scenarios (see Underlying data 23 for results of sensitivity analyses). 
Comments
No screening 196 851,716 n/a n/a n/a n/a n/a Initial comparison policy 
Discussion
Using robust local clinical, outcomes, and costing data, we provide the first estimates of the cost-effectiveness and impact of CrAg screening implementation in Botswana. This analysis was intended to be pragmatic, reflecting current CD4 testing practices in real world settings in Botswana, a country where national guidelines currently recommend CD4 testing at baseline (pre-ART), at three months, at 12 months and yearly thereafter for stable clients 10 . This strategy, coupled with adoption of HIV "test-and-treat" 33 , contributes to a growing proportion of ART-experienced CrAg-positive individuals recognized through laboratory-based reflex screening in Botswana. Existing screening guidelines and modeling studies have not considered the impact of this large population or benefits of pre-emptive treatment. As in other studies from sub-Saharan Africa 11,13,18 , we found CrAg screening in ART-naïve patients with a CD4 <100 cells/µL to avoid a DALY for a low cost (e.g., substantially less than one year of ART medication costs). Targeting only CrAg-positive ART-naïve patients for pre-emptive therapy, however, had a modest public health impact, preventing only 20% of CM-related deaths under base model assumptions.
Additionally, treating CrAg-positive ART-experienced patients resulted in additional deaths prevented, and was cost-saving or avoided a DALY for a very low cost across a range of assumptions.
CD4 testing remains necessary for identifying individuals with advanced HIV disease (i.e. low CD4 count) and guiding CrAg screening and other preventive measures against common opportunistic infections. With decreased funding for CD4 testing and an increasing focus on HIV viral load rather than CD4 monitoring in patients on ART 17 , our findings may be less relevant in countries that do not support CD4 assessment following ART initiation. Nevertheless, in settings where post-ART CD4 testing is available, CD4 monitoring and CrAg screening-particularly in individuals with treatment failure or a history of default-may provide an additional public health benefit as the HIV epidemic matures in sub-Saharan Africa with a majority of cryptococcal meningitis occurring in ART-experienced individuals. International guidelines should address the clinical management in this emerging population, and future outcomes research is needed to better inform the benefit of preemptive therapy.
Our study has a number of limitations. First, we had significant uncertainty for a number of parameter estimates, particularly the risk of progression to cryptococcal meningitis for CrAg-positive individuals previously started on ART and the proportion of clients identified as CrAg-positive who receive urgent follow-up care in real-world settings. To account for uncertainty, we performed a series of sensitivity analyses demonstrating that CrAg screening avoids DALYs for a low cost, even with lower risk of CM progression in ART-experienced individuals or relatively poor urgent clinical follow-up. We also had robust local estimates for most cost and clinical parameters, particularly CD4 distribution, CrAg prevalence, and CM treatment outcomes data to support our findings 14, 19 . Secondly, as a pragmatic study using real-world data, we did not evaluate other screening strategies such as point-of-care CD4 and/or CrAg testing, and focused on CrAg screening in clinic settings without considering a potential benefit in hospitalized patients 34, 35 . Thirdly, our analysis may fail to account for future changes in CD4 testing practices in Botswana, including a potential shift away from CD4 testing as in other settings 17 . Finally, we limited our analysis to CrAg screening in patients with a CD4 count <100 cells/µL, reflecting current national guidelines. With the WHO recently conditionally recommending CrAg screening in individuals with a CD4 count of 100-200 cells/µL 6 , further analysis is needed to model the impact of CrAg screening and preemptive therapy in this patient population with a lower CrAg prevalence 24 .
In summary, using local estimates and accounting for uncertainty through sensitivity analyses, we found strong support for CrAg screening in Botswana for patients with advanced HIV at a threshold of <100 cells/µL. In addition to preemptive therapy in ART-naïve individuals, our findings provide support for pre-emptive treatment of CrAg-positive ART-experienced patients at a CD4 <100 cells/µL recognized in laboratorybased reflex CrAg screening programs. Future outcomes data is needed for this growing population and guidelines should consider the evidence for pre-emptive treatment in this group. implemented. Rather it acts to emphasise to policymakers that systems need to be fully effective and in place for the programme to succeed and be cost-effective. It is an opportunity to identify possible challenges (and perhaps, where the programme is likely to fail and not be cost-effective) so that problems can be dealt with beforehand. Thereafter, the best-case scenario model can be realised and the best-case cost-effectiveness that is predicted will prevail.
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